The immunoglobulin lambda (IGL) repertoires from two unrelated human blood samples, three NOD-scid-IL2Rg null mice engrafted with human hematopoietic stem cells and two pairs of monozygotic twin blood samples were determined by Roche 454 sequencing to generate a total of about 700 000 IGL sequences. We applied bioinformatic analysis to examine IGL repertoires wherein, surprisingly, X20% of CDR-L3 peptide sequences were 'public' (shared across individuals); moreover, full-length IGL protein sequences (VJ recombinants) were also present in the public domain. Subtle yet significant differences in CDR-L3 nontemplated nucleotide addition, IGL V-gene family usage, and amino-acid composition distinguished the public CDR-L3 groups from the private groups. These data suggest that public CDR-L3 intervals can arise by intrinsic genetic mechanisms irrespective of different B-cell developmental milieu (human versus humanized mouse). Furthermore, the occurrence of identical public IGL protein sequences indirectly suggest the positive selection (evolutionary, somatic or both) of particular IGL chains independent of the immunoglobulin heavy chain.
INTRODUCTION
Immunoglobulin B-cell receptor (BCR) diversity is an essential component of adaptive immunity for the recognition of a diverse constellation of foreign antigens. As a heterodimeric protein containing two heavy chains and two light chains, immunoglobulin is encoded by the rearrangement of variable (V), diversity (D) and joining (J) gene segments located in the immunoglobulin heavy locus (IGH) on chromosome 14 whereas the light chain is encoded by V-gene and J-gene rearrangements derived from either the immunoglobulin kappa locus (IGK) on chromosome 2 or the lambda locus (immunoglobulin lambda, IGL) on chromosome 22 . Genetic processes are a critical and fundamental step in the generation of extensive BCR diversity. [1] [2] [3] [4] A diversity of 1 Â 10 11 unique BCRs can be achieved in theory via random V(D)J recombination and pairing of heavy and light chains. In addition, because of imprecision in the V(D)J joining process itself, as well as enzyme-catalyzed reactions, which can result in the addition of nontemplated (N/P) nucleotides and the introduction of somatic hypermutations (SHMs), these mechanisms together further expand the potential diversity of the immunoglobulin repertoire to 41 Â 10 15 BCRs. 5 Contrarily, the actual diversity in humans is likely to be several orders of magnitude lower, due in part to physiologic limitations such as the number of B cells, which can be derived during the finite lifespan of the organism. Actual diversity has been experimentally estimated to be on the order of 1-10 million; [6] [7] [8] hence, it seems implausible that random processes should be a primary constituent for BCR diversity, and thus selective mechanisms (genetic and/or somatic) must be in place to maintain the observed range of BCR diversity.
In support of this view, characterization of heavy-and lightchain immune repertoires has revealed preferential, nonrandom usage of particular IGH genes 7,9-13 as well as IGK genes. [14] [15] [16] [17] One recent study of the human IGK repertoire, 17 using next-generation deep sequencing of more than 60 000 IGK complementary DNA (cDNA) reads generated from peripheral blood B cells derived from four ethnically different individuals, showed a significantly biased use for particular IGK variable (IGKV) and IGK joining (IGKJ) genes; interestingly, the authors also reported that a surprisingly high percentage (up to 60.2%) of IGK protein sequences were shared, or so-called 'public,' between any two of the four individuals examined, leading to the conclusion that the repertoire of unique k chains is merely on the order of 10 3 as compared with prior theoretical repertoire estimates comprising 10 5 -10 6 different IGK genes. This observation of frequent public sequences in the IGK repertoire differs from previous reports, [14] [15] [16] presumably because at most only a total of a few hundred cells per individual were sequenced, and probably reflects the greater sensitivity and coverage made possible by the deep-sequencing techniques used in this study. Furthermore, the authors speculated that the existence of public IGK sequences might reflect: (i) a limited number of rearrangements that do not introduce conformational clashes on pairing with the heavy chain thus resulting in productive pairings; (ii) selection of light chains that do not interfere with antigen recognition, the latter being mediated near-exclusively by the IGH; or finally, (iii) that certain IGK rearrangements are either counter-selected because of potential auto-reactivity or are positively selected as a response mechanism to superantigen-like molecules on microbes. 17 In contrast with the more common studies of IGH and IGK repertoires, surprisingly little has been published regarding the IGL repertoire, whether in humans or various humanized mouse models. [18] [19] [20] [21] [22] [23] Thirty-five functional IGLV segments have been classified within 10 gene families and 4 functional IGLJ segments; [24] [25] [26] [27] CDR-L3 length is highly restricted while N/P nucleotide additions on average add only one new codon to the CDR-L3. 19, 21 One prior theoretical calculation of the combined IGK plus IGL CDR3 repertoire has been estimated to be on the order of 41.6 Â 10 5 . 7 The CDR-L3 repertoire, specifically, has been estimated to comprise perhaps as many as 338 130 unique sequences. 28 Regarding its expression, preferential IGLV gene usage has been observed in humans as well as in transgenic mice engrafted with human lambda loci. 18, 20 Furthermore, Richl et al.
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also reported preferential IGLV gene usage in human neonatal and adult B cells through the analysis of 236 productive IGL sequences. These results suggested that the underlying gene recombination processes might be nonrandom yielding a preferred IGL repertoire.
Here we have analyzed the IGL repertoire at great depth using next-generation sequencing (NGS) data from peripheral blood B cells obtained from two volunteers and compared it with the IGL repertoires derived from splenic B cells in NOD-scid-IL2Rg null mice (humanized mice) engrafted with human umbilical cord blood stem cells. 29 For additional comparison, deep-sequencing data obtained independently by another research group and derived from two pairs of identical twins 10 were included in our analysis. As noted in the NGS study of the human IGK repertoire by Jackson et al., 17 we report here the frequent occurrence of public rearrangements within human and humanized mice IGL repertoires. Interestingly, public rearrangements include not only identical CDR-L3 peptide sequences but also identical full-length IGL protein sequences. Furthermore, we report that notable differences exist between public and private CDR-L3s in terms of the degree of N/P nucleotide addition, SHM, IGLV1 gene family usage and amino-acid utilization.
RESULTS AND DISCUSSION
B cells were sorted and IGL cDNAs were sequenced using Roche GS-FLX 454 technology (Roche, Branford, CT, USA), as described previously. 29 In addition, independently derived IGL cDNA sequences from two sets of identical twins were provided by the Rinat-Pfizer group (San Francisco, CA, USA) 10 to corroborate our analysis. Only DNA sequences with 4350 bps and identified by IMGT/V-QUEST as 'productive' were considered for further analysis. 'Public' CDR-L3s were defined as CDR-L3 peptide sequences present in two or more samples whereas 'private' CDR-L3s were unique to their single respective sample. In the work previously published by our group, 29 under the same sample preparation and sequence analysis procedures as in this report, we found o0.001% of CDR-H3s to be shared among the human and humanized samples, which is consistent with the findings in other NGS studies. 6, 8 On the other hand, using the data set derived from the same procedures, we analyzed the overlap of CDR-K3 between the human samples and found that about 19.7% of CDR-K3s were shared, which is similar to, although threefold less, than the degree of public sharing reported by Jackson et al. 17 The frequency of public CDR3s found in our IGH library (o0.001%) and in our IGK library (B20%) agree with prior publications and, therefore, seem to indicate a minimal-to-zero introduction of sequencing artifacts and, furthermore, that our sample preparation and sequence analysis procedures faithfully preserved the integrity of the repertoires. Any artifacts that could have been introduced would have been expected to appear disproportionately, but this was not observed in the previous work nor in the CDR-L3 data set analyzed here.
Analysis of the human samples (HuPBC1 and HuPBC2), humanized mice samples (HuMs1, HuMs2, HuMs3 and HuMsImmB), and Rinat-Pfizer twin samples (A1, A2, B1 and B2), revealed that any given individual sample shared at least 20% of its CDR-L3s with at least one other of the nine samples ( Figure 1a ). IGL repertoires from humanized mice on average contained higher percentages of public CDR-L3s compared with the human counterparts (B57% versus B30%) possibly due to an expanded compartment of naive B cells in the humanized mice. 29 The human peripheral B-cell samples HuPBC1 and HuPBC2 ( Figure 1b the complete comparison across all samples. The majority of the CDR-L3s in the two human samples were therefore distinct and hence private. In addition, Rinat-Pfizer twin samples also indicated a lower percentage of public CDR-L3s as shown in Figure 1c . Both of these human data sets suggest that a greater number of naive CDR-L3s were displaced to give rise to more 'customized' CDR-L3s to cope with increased exposure to pathogenic environments in both the human groups, which was diminished in the specific pathogen-free environment of the humanized mice. On the other hand, as shown in Figure 1d , the reverse was observed in the humanized mice samples where at least 40% of CDR-L3s were public. Nevertheless, frequent public CDR-L3s were still observed across all samples exposed to presumably different pathogenic environments; this includes public CDR-L3 repertoires shared between the two independently derived human data sets (Figure 1e ). In addition, these findings imply that preferential IGL gene rearrangements occur regardless of the repertoire's developmental microenvironment. Therefore, there is a strong indication that preferential l-chain gene rearrangement could be due to intrinsic genetic mechanisms independent of selective forces exerted at the cellular level. It is still unclear, however, as to the true cause of the difference in public CDR-L3 percentages between the human and the humanized mice samples. It is worthwhile to note that humanized mice tend to have impaired immune responses, which suggests that many clones might not be significantly hypermutated or affinity matured.
Next, we separated full-length nucleotide sequences containing public or private CDR-L3 into individual FASTA files. These public/ private categorized sequences were submitted independently to IMGT to ascertain N/P nucleotide addition, SHM, CDR-L3 peptide sequence, V-J gene utilization and full-length IGL protein sequence for each public/private group. Subsequently, we characterized the public and private IGL sequences in terms of V-J gene segment utilization and we found a decrease in the use of IGLV1 gene family in the public CDRL-3 sequences for the humanized mice group (Figure 2a) . This difference was not observed in the human group. Utilization of the remaining V and J gene segments did not show statistically significant differences across samples. CDR-L3 N/P nucleotide addition and IGL SHM were also examined, and the value for each sample was calculated as an average of all the SHM counts for the IGL sequences (FR1-FR4) derived from each sample. In terms of N/P nucleotide addition (Figure 2b ), there was a statistically significant difference between the public CDR-L3 sequences and the private CDR-L3 sequences (Po0.001). In general, the private sequences demonstrated approximately twofold more N/P nucleotide additions than the public CDR-L3 sequences, indicating how preferential gene rearrangements are favored by fewer N/P additions, resulting in less diversity, enabled by unaltered joining of a germline IGLV gene segment to an IGLJ gene segment due perhaps in part to microhomology-mediated joining of the gene segments. As a result, the likelihood of such unaltered CDR-L3 sequences occurring among individuals appears to be higher; however, it would require more evidence to conclude that the direct cause for public CDR-L3s can be solely attributed to fewer N/P nucleotide additions. Nevertheless, it was an unexpected observation that overall N/P nucleotide addition would be suppressed in the public CDR-L3 group as compared with the private CDR-L3 group.
As seen in Figure 2c , no significant difference in SHM was observed between the public and private CDR-L3 groups for the humanized mice samples; however, the SHM difference between the public and private groups for the human samples, both the HuPBC and Rinat-Pfizer twin samples, were statistically significant (Po0.001). This difference could be due to the effects of antigenic selection augmenting the SHM numbers for the human samples. As the humanized mice were housed in a specific pathogen-free environment and that no overt antigenic pressure was applied, germinal center reactions and hence SHM in the humanized mice should have been scant to nonexistent, as has been described generally for this mouse strain. This alone might explain the similarity of SHM observed in both the public and private humanized mice CDR-L3 groups. The significant difference between the public and private groups of CDR-L3s in the human samples, on the other hand, might reflect extensive past immune responses and the initiation of germinal center reactions, SHM and selective mechanisms exerted on antigen-specific B cells.
We investigated the amino-acid composition of length ¼ 11 CDR-L3s, which were the most frequently observed across samples. We noticed, in general, that amino-acid composition was similar between the public and private groups, except for arginine, proline, tryptophan, serine and valine usage (Po0.001) as shown in Figure 2d . Among those differences, the private groups utilized arginine, proline, and tryptophan B1-3% more than within the public groups. On the other hand, the public groups utilized B6% more serine and valine. Serine was generally abundant in CDR-L3s across all samples overall, due primarily to the inherent serine-rich nature of IGL germline genes. The reduction of serine usage in the private group that we observed here could simply be due to the 'customization' of the germline genes after various degrees of antigenic exposures. The enhanced use of arginine, proline, and tryptophan in the private group further support the notion of CDR-L3 'customization' as a result of antigenic challenge as these amino acids tend to promote recognition of pathogenic moieties.
Finally, on further investigation of all the public CDR-L3 sequences, we observed that B10.14% were part of otherwise identical full-length IGL protein sequences ( Table 1 ). As noted in one prior study 22 where a frequency of B15% identical IGL chains was observed within any single biologic sample assayed (fetal tissue or adult blood), the B10% frequency in this study is highly comparable-but striking in its discovery across a multiplicity of independently derived samples.
In summary, public CDR-L3s across individuals can be observed in IGL repertoires similar to that reported for IGK repertoires 17 in stark contrast to the unique diversity and 'privacy' of IGH repertoires. 6, 8, 29 Public CDR-K3s do occur at a very high frequency 17 and at a rate surpassing what we have observed for CDR-L3s. The IGL preferential gene rearrangements we observed do not seem to be affected by the microenvironment suggesting that intrinsic genetic mechanisms of recombination may contribute to this phenomenon. An associated phenomenon in the public CDR-L3 group was found to be suppressed N/P nucleotide addition, which could potentially increase the likelihood of public CDR-L3s because of microhomology-mediated, unaltered joining of IGLV and IGLJ gene segments. As a result, the likelihood of public CDR-L3 would be increased. On the other hand, SHM trends observed in our study were inconsistent and did not indicate a clear correlate between SHM and the occurrence of public CDR-L3s. Nonetheless, a high percentage of public CDR-L3s having identical full-length IGL protein sequences seems to support the naive newly formed nature of the IGL public repertoires. That naive peripheral B cells were specifically sorted in the humanized mice, and that these samples exhibit the most extensively public CDR-L3 repertoire, further supports the notion that it is the primary IGL repertoire which can be publicly shared.
Our findings indicate that the IGL repertoire is significantly constrained in the expression of CDR-L3 peptide sequence and suggests that a considerable fraction of these CDR-L3s is evolutionarily conserved and is expressed 'publicly' by the species. By extension, limited l-chain diversity implies that the combinatorial pairing of IGL light chains with IGH heavy chains might also be constrained. In most resolved antibody structures, the CDR3 loops of IGH and IGL are nearly always in contact at or near the center of the antibody-binding pocket. 30, 31 Furthermore, unlike the considerable structural variation and sequence diversity of the CDR-H3, CDR-L3s adopt only a very limited set of distinct 'canonical' conformations. 32, 33 The sequence restriction and public sharing of CDR-L3 protein sequences we report here seemingly correlates with the previously appreciated restriction of canonical structures. Although one previous report did suggest the role of intrinsic genetic factors in the generation of the human IGL repertoire and, moreover, proposed this as a chief mechanism for ensuring the overrepresentation of particular IGLV segments, 20 the extent of sequence analysis was insufficient to fully extrapolate their observation specifically to the CDR-L3, as we have done here using NGS deep-sequencing technology.
Previous studies from the Lipsky laboratory using single-cell analysis of IGL repertoires in human fetal and adult tissues have suggested the positive selection of Ig light chain, which is independent of the Ig heavy chain. 21, 22 Although based on a limited number (B100) of single-cell-derived sequences, the repeated occurrence of identical IGL chains was firmly established; however, these identical IGL chains were observed only within any one single sample assayed, contrary to our observation of public occurrences across multiple samples, which we attribute to marked differences in the depth of sequencing coverage between their study and ours. Moreover, these prior single-cell studies documented how identical IGL chains could pair with multiple IGH chains. 22 A more recent analysis by Weigert et al. indirectly supports this same observation and similarly concludes the existence of an IGH-independent mode of IGL selection. 34 Using microarray profiling rather than deep sequencing, a set of IGL genes was observed to be uniformly highly expressed without IGH chain restriction (that is, IGH exhibiting a normally distributed CDR-H3 length spectratype), which they conclude is consistent with the positive selection of particular IGL chains, rather than clonal selection, independent of the IGH chain. Their results suggest that multiple overexpressed IGL chains might pair promiscuously with IGH chains. Indirectly, these results imply the possibility that some of the highly overexpressed IGL chains are in fact identical.
It might be proposed, therefore, that certain CDR-L3s are optimal for binding a range of antigens and therefore have been selected and maintained throughout human evolution. An immediate corollary to this proposal is that certain classes of public CDR-L3s pair preferentially with IGH chains. To address these possibilities and to gain further insight into the human antibody repertoire, we have developed a high-throughput methodology for NGS deep sequencing of natively paired H-L immunoglobulin chains isolated from single B lymphocytes. 35 The nature of this technique will allow for robust statistical analysis and the determination as to whether particular light chains, and moreover, particular CDR-L3s, pair preferentially with particular heavy chains-either the particular IGHV segment or even a particular class of CDR-H3. A specific analysis of the primary antibody repertoire of IgM þ naive B cells in peripheral blood is predicted to reveal identical, public CDR-L3s and even identical full-length IGL chains, but paired with multiple distinct IGH chains; thus, indicating non-clonally related sequences, which have arisen independently in the primary repertoire. Imminent evidence that such must be the case is the very fact that the IGH repertoire is documented to be extensively diversified 8, 29 and, therefore, the restriction of IGL diversity we observe here can only be accommodated if it pairs promiscuously with multiple IGH chains and their CDR-H3s. Such a striking observation would immediately imply an unexpected IGL-mediated mode of selection, independent of the IGH chain, which recruits IgM þ naive B cells into the pool of the primary antibody repertoire.
MATERIALS AND METHODS

Humanized mice
NOD.Cg-Prkdc scid IL2rg tm1Wjl (NOD-scid-IL2Rg null ) mice were obtained from the Jackson Laboratory (Bar Harbor, ME, USA). NOD-scid-IL2Rg null mice were irradiated with 100 cGy of gamma irradiation at 1-2 days of age. On irradiation, 50 ml of 3 Â 10 4 human CD34 þ hematopoietic cells derived from umbilical cord blood were injected via intracardiac route (Lonza, Allendale, NJ, USA, Cat. 2C-101B). HuMs1 and HuMs2 were both engrafted with the same donor, whereas HuMs3 was engrafted with a different donor. The humanized mice were housed at the Animal Resource Center of the University of Texas at Austin, Austin, TX, USA. All experiments were conducted following the guidelines provided by the university's Institutional Animal Care and Use Committee (protocol number AUP-2010-00089).
B-cell preparation, RNA extraction, cDNA generation and PCR amplification Detailed procedures have been described previously. 29 Briefly, mononuclear cells from two anonymous healthy donors, (both healthy females with one in her 30s and the other in her 50s), were prepared from whole blood using Histopaque-1077 density centrifugation and humanized mice spleens were harvested after killing. These single-cell suspensions were used for total RNA preparations, and Oligo-dT cDNA was generated, which was then used as template for an optimized PCR amplification of Vl-Jl recombinants. Samples were collected and prepared independently over a period of 4 months.
NGS of IGL repertoires
Detailed procedures have been described previously. 29 Briefly, samples were serially acquired and PCR amplicons were gel-purified and prepared independently over a period of 4 months. Samples were then submitted to the University of Texas Genome Sequencing and Analysis Facility for library construction and Roche GS-FLX 454 high-throughput sequencing.
Bioinformatic analysis IGL repertoire sequences were obtained from two adults' peripheral blood mononuclear cells, from splenic B cells isolated from three humanized mice, and from a pool of immature B cells isolated from three humanized mice. 29 Total RNA was isolated from the samples and library was generated with previously reported sets of primers. 36 Sequences were filtered to meet a minimum of 350-bp length requirement and each had to contain an inframe CDR-L3 region. These filtered sequences were submitted to IMGT/ HighV-QUEST 37 for complete annotations, namely, Vl and Jl gene segment assignment, N-and P-nucleotide addition, and SHM. Annotated information was parsed and extracted using Perl scripts for the analysis described in the article. Public CDR-L3 was defined as CDR-L3 peptide sequences that can be found in two or more samples among the ten samples we examined. Only unique IGL nucleotide sequences were analyzed to avoid over-counting of duplicated sequences. All raw 454 sequences have been deposited to the NCBI Sequence Read Archive (accession SRA049345).
Rinat-Pfizer twin sequences
Sequences from two pairs of adult monozygotic twins were kindly provided by the Rinat-Pfizer scientists. 10 Twin pair A (denoted in the article as A1 and A2) is of Western European and Mediterranean descent at the age of 54 years old. Twin pair B (denoted in the article as B1 and B2) is of Ashkenazi Jewish descent at the age of 57 years old. Twin pair B was diagnosed with multiple sclerosis. These sequences were subjected to the same sequence analysis processing procedures and bioinformatic analysis as described in the bioinformatic analysis section of the article.
Statistical methods
GraphPad Prism version 5.00 (GraphPad Software Inc., La Jolla, CA, USA) for windows was used to conduct statistical analysis. Analysis of variance (Kruskal-Wallis test) and Mann-Whitney test were used to determine the statistical significance of the population means.
